The need for annual revaccination against influenza is a burden on the healthcare system, leads to low vaccination rates and makes timely vaccination difficult against pandemic strains, such as during the 2009 H1N1 influenza pandemic. In an effort toward achieving a broadly protective vaccine that provides cross-protection against multiple strains of influenza, this study developed a microneedle patch to co-immunize with A/PR8 influenza hemagglutinin DNA and A/PR8 inactivated virus vaccine. We hypothesize that this dual component vaccination strategy administered to the skin using microneedles will provide cross-protection against other strains of influenza. To test this hypothesis, we developed a novel coating formulation that did not require additional excipients to increase coating solution viscosity by using the DNA vaccine itself to increase viscosity and thereby enable thick coatings of DNA vaccine and inactivated virus vaccine on metal microneedles. Co-immunization in this way not only generated robust antibody responses against A/PR8 influenza but also generated robust heterologous antibody responses against pandemic 2009 H1N1 influenza in mice. Challenge studies showed complete cross-protection against lethal challenge with live pandemic 2009 H1N1 virus. Control experiments using A/PR8 inactivated influenza virus vaccine with placebo DNA coated onto microneedles produced lower antibody titers and provided incomplete protection against challenge. Overall, this is the first study showing DNA solution as a microneedle coating agent and demonstrating cross-protection by coimmunization with inactivated virus and DNA vaccine using coated microneedles.
Introduction
In 2009, a novel influenza A (H1N1) virus emerged and spread globally at alarming speeds, which caused the first 21 st century pandemic [1] . Fortunately, the morbidity and mortality of this pandemic virus were lower than expected. However, the current vaccination systemincluding vaccine development, production, and administration -was not able to make vaccine available for clinical use until many months after the pandemic started. This is because the current influenza vaccination system relies on first identifying the vaccine strain and then manufacturing it in large quantity. This process takes approximately 6 months, after which vaccination of large populations takes many more months [2] .
To overcome these limitations in order to effectively control a pandemic outbreak, various strategies have been developed, such as: antigen sparing, stockpiling of the vaccine, development of a universal vaccine against antigenically different influenza strains, largescale epidemic simulation, and vaccines conferring cross-protective immunity [3] [4] [5] . In this study, we are studying a vaccination strategy that seeks to confer cross-protective immunity.
Reformulation of influenza vaccines is needed to match the strain(s) present year-to-year or in the event of a novel pandemic because of antigenic evolution of the influenza virus, due to factors such as antigenic drift and antigenic shift [6] . Two influenza A subtypes H1 and H3, and one influenza B virus have been included in conventional trivalent vaccines, according to the WHO recommendation [7] ; a second influenza B virus may be added to make a quadrivalent vaccine ( [8] ). Therefore, approaches to develop a vaccine that is less affected by antigenic change have been reported [9] . Examples of such a universal vaccine include the use of matrix protein 2 [10] and a DNA vaccine that expresses nucleoprotein or matrix protein 2 [11] . However, current universal vaccines do not provide sufficient protection and are still under development. Therefore, approaches to modify and improve conventional vaccination, which will induce heterosubtypic immunity, may provide simpler, near-term solutions [12] .
Conventional influenza vaccines are based on influenza viruses grown in eggs or cell culture that are inactivated and, in many cases, broken apart by detergent into a subunit vaccine [7] . DNA vaccines have been introduced more recently [13, 14] , but when used by themselves have generally required large doses and have been less effective in humans than in animal models. For this reason, there is interest in immunization using DNA vaccines in combination with other vaccines, either by simultaneous co-immunization or by a primeboost dosing schedule using the DNA vaccine as either the prime or the boost [15] . It has also been reported that DNA vaccines have the capability to induce not only a humoral immune response but also cellular immunity, which may enable heterosubtypic protection.
Vaccination in the skin has also been shown to increase vaccine immunogenicity [16] and recent studies with microneedles have shown this technology to enable simple skin vaccination [17] . Vaccination using a microneedle patch may also expedite vaccine administration by enabling vaccination by minimally trained personnel, or possibly selfvaccination by patients themselves. Microneedles are micron-scale, solid needles that are coated with dried vaccine, which deliver the vaccine when the microneedle patch is pressed into the skin in a simple and painless manner.
In previous studies, microneedles have been used for influenza vaccination using inactivated virus, virus-like particles and sub-unit vaccines coated on microneedles with the help of viscosity-enhancing materials, such as carboxymethylcellulose [18] [19] [20] . Even though microneedle vaccinations induced a strong immune response, initial activity loss of influenza hemagglutinin during the coating and drying process could not be avoided, even in the presence of stabilizers such as trehalose [21] . When carboxymethylcellulose was removed from the coating formulation, HA activity was retained (in the presence of with trehalose) [22, 23] .
DNA vaccines have also been coated onto microneedles and generated robust immune responses in mice [24] [25] [26] . In this study, we sought to co-administer a DNA vaccine and an inactivated virus vaccine using microneedles. In this scenario, we hypothesized that DNA could be used to have a dual function, i.e., as a DNA vaccine and as a viscosity enhancer to enable coating of the inactivated virus vaccine without the use of carboxymethylcellulose, because highly concentrated DNA has a high viscosity [27] . Using this property, DNA was previously coated on a suture for gene delivery [28] and a titanium cylinder for medical implant [29] , but additional polymers were added for effective coating. Thus, for the first time, we used a DNA vaccine solution as a coating agent without any other viscous enhancer, taking advantage of the high viscosity of concentrated DNA solutions. We delivered the DNA vaccine, in combination with an inactivated influenza vaccine, using coated microneedles to test the hypothesis that co-immunization in this way in the skin will improve in both homologous and heterologous immunity.
Materials and Methods

Fabrication of microneedles and imaging coated microneedles
Rows of solid metal microneedles were fabricated by cutting needle structures from stainless sheets (SS304, 75 µm thick, McMaster-Carr, Atlanta, GA) using an infrared laser (Resonetics Maestro, Nashua, NH), as described previously [18] .
Fluorescence micrograph images of coated microneedles were taken by an Olympus IX70 fluorescent microscope with a CCD camera (RT Slider, Diagnostic Instruments, Sterling Heights, MI). Bright-field micrographs were collected using an Olympus SZX12 stereo microscope with a CCD camera (Leica DC 300, Leica Microsystems, Bannockburn, IL).
In order to image delivery of fluorescein conjugate BSA protein and stained DNA into skin, microneedles coated with and stained DNA were inserted into human cadaver skin for 10 min and fixed by freezing in histology mounting compound (Tissue-Tek ® , Sakura Finetek, Torrance, CA) for 10 min, after which microneedles were removed and skin was sectioned using a cryostat (Cryo-Star HM 560 MV, Microm, Hésingue, France) for imaging. This use of human skin was approved by the Georgia Tech Institutional Review Board.
Preparation of inactivated influenza virus and influenza HA DNA vaccine
Inactivated influenza virus (A/PR/8/34 H1N1, i.e. "A/PR8") was prepared as described in previous studies [22] . Virus was grown in fertilized eggs, harvested, and purified using sucrose-gradient ultracentrifugation. Inactivation of virus was performed with formalin and confirmed by the absence of plaque formation [30] . In order to prevent activity loss of inactivated virus vaccine during coating, 1% -5% (w/v) trehalose (Sigma-Aldrich, St. Louis, MO) was added as stabilizer.
Fluorescein isothiocyanate-conjugated bovine serum albumin (BSA) (Sigma-Aldrich) was sometimes used as a model compound instead of inactivated virus to facilitate imaging of coatings on microneedles.
Influenza plasmid DNA vaccine (pCAG-HA-WPRE) containing influenza A/PR8 virus hemagglutinin (HA) DNA was kindly provided by Joshy Jacob (Emory University), propagated in Escherichia coli DH-5 strain (Invitrogen, Carlsbad, CA) and purified using QIAGEN plasmid GIGA-purification kit (QIAGN, Valencia, CA) as described previously [31] . Placebo DNA (DNA, MB grade from fish sperm solution, 10 mg/ml, Boehringer Mannheim, Penzberg, Germany) was used as an inert DNA coating formulation as a negative control.
The viscosity of coating solutions was measured with a Compact Rheometer MCR 300 (Anton Paar, Graz, Austria) using a cone and plate geometry.
Coating microneedles with vaccine
An array of five microneedles was dip-coated by horizontally dipping the microneedles into a coating solution 9 times, as described previously [32] . The standard coating solution formulation contained 3 mg/ml inactivated influenza virus, 6 mg/ml HA DNA and 3% trehalose in D.I. water, unless otherwise indicated in the text. In some cases, the inactivated virus was replaced with 3 mg/ml fluorescent BSA. In some cases, the HA DNA was replaced with placebo DNA at the same concentration. In some cases, the trehalose concentration was varied.
To determine the amount of inactivated virus vaccine coated on microneedles, vaccinecoated microneedles were incubated in deionized water for 12 h at 4°C, and the amount of released protein was measured by a BCA protein assay kit (Pierce Biotechnology, Rockford, IL) and plate reader (OD at 650 nm, Bio-Rad Laboratories, Hercules, CA). The amount of DNA coated on microneedles was similarly measured, but assayed by ultraviolet spectrophotometric absorption at 260/280 nm wavelengths.
Stability and virus size change of inactivated influenza virus after coating process
To avoid the time-consuming process of coating microneedles, we screened coating formulations by applying coatings onto the same type of stainless steel material used to make microneedles. In order to test the stability of inactivated virus after the coating process, a 1 µL droplet of a coating solution was mixed with 1 µL of inactivated virus on a stainless steel chip (diamond shape, 3mm × 3mm), and allowed to dry in air at room temperature overnight. The coating was then dissolved off the metal chip in 50 µL of phosphate buffered saline (PBS) for 12 h. To determine hemagglutination titers as a measure of inactivated virus activity, the inactivated influenza virus dissolved from metal chip was serially diluted in 100 µL volumes of PBS deficient in Mg 2+ and Ca 2+ , mixed with an equal volume of a fresh 0.5% suspension of chicken red blood cells (Lampire Biological Laboratories, Pipersville, PA), and incubated for 1 h at 25 °C. The titers were determined as the endpoint dilutions inhibiting the precipitation of red blood cells [18] .
Inactivated virus size was measured by similarly dissolving virus coatings from metal chips at a concentration of 0.1 mg/ml in PBS and analyzing by dynamic light scattering (DynaPro Protein Solutions plate reader, Wyatt, Santa Barbara, CA).
Quantification of coated amount of BSA protein
To measure amount of fluorescein conjugate BSA protein coated on microneedles, coated microneedles were incubated in PBS to dissolve the coated fluorescein conjugate BSA protein off the microneedles. The resulting solution was analyzed by calibrated spectrofluorimetry (Photon Technologies International, Birmingham, NJ) to determine the amount of fluorescein conjugate BSA protein that was coated on the microneedles.
Immunization
BALB/c mice were anesthetized intramuscularly with 110 mg/kg ketamine (Abbott Laboratories, N. Chicago, IL) mixed with 11 mg/kg xylaxine (Phoenix Scientific, St. Joseph, MO). The skin on the back of the mouse was exposed by removing hair with depilatory cream (Nair, Princeton, NJ), washed with 70% ethanol, and dried with a hair dryer. A fiveneedle array of microneedles coated with 1 µg of inactivated influenza virus and 3 µg of HA DNA or placebo DNA was manually inserted into the skin and left for 20 min to dissolve the vaccine coating in the skin. For comparison, a group of mice intramuscularly immunized with 1 µg of inactivated influenza virus and 3 µg of HA DNA was included. Naïve mice received no treatment at all.
Antibodies and hemagglutination-inhibition (HAI) titers
Kinetics of influenza virus-specific (A/PR8 or pandemic 2009 H1N1 virus) antibodies were determined at weeks 3, 5 and 7 post-immunization and day 4 after challenge from serum samples from mice immunized by intramuscular injection or microneedle vaccination in the skin. Influenza virus-specific antibodies of different subtypes (IgG, IgG1 and IgG2a) were determined in serum dilutions (1:100) by enzyme-linked immunosorbent assay (ELISA) as described previously [33] . Briefly, 96-well microtiter plates (Nunc-Immuno Plate MaxiSorp; Nunc Life Technologies, Basel, Switzerland) were coated with 100 µl of inactivated PR8 at a concentration of 4 µg/ml in coating buffer (0.1 M sodium carbonate, pH 9.5) at 4°C overnight. The plates were then incubated with horseradish peroxidase-labeled goat antimouse IgG, IgG1, IgG2a (Southern Biotechnology, Birmingham, AL) at 37°C for 1.5 h, and then the substrate ophenylenediamine (Zymed, San Francisco, CA) in a citrate-phosphate buffer (pH 5.0) containing 0.03% H 2 O 2 (Sigma) was used to develop color. The optical density at 450 nm was read using an ELISA reader (model 680; Bio-Rad, Hercules, CA).
To determine hemagglutination-inhibition (HAI) titers, serum samples were first treated with a receptor-destroying enzyme (Denka Seiken, Tokyo, Japan) by incubation overnight at 37°C and then for 30 min at 56°C. Sera were serially diluted, mixed with 4 HA units of PR8 virus, and incubated for 30 min at room temperature prior to adding 0.5% chicken red blood cells. The reciprocal of highest serum dilution preventing hemagglutination was scored as the HAI titer.
Challenge experiment and virus-specific recall immune responses
For challenge infections, mice lightly anesthetized with isoflurane were intranasally infected with a lethal dose of live pandemic 2009 H1N1 virus (A/California/2009 (H1N1/09) virus (10 × LD 50 ) in 50 µl of PBS 5 weeks after immunization with a single influenza vaccine dose. Mice were observed daily to monitor changes in body weight and to record mortality. We followed an approved Emory IACUC protocol with 25% loss in body weight as the end point.
To determine recall immune responses, spleen cells harvested at day 4 post challenge were cultured in 96-well plates at 5 × 10 5 cells/well. Supernatants (4 × dilutions) were used to determine virus-specific antibody levels at days 1, 3, and 6 post culture [34] .
Statistical Analysis
Every assay was measured using at least three samples, from which the arithmetic mean and standard error of the mean were calculated. A two-tailed Student's t-test ( =0.05) was performed when comparing two different conditions. A value p<0.05 was considered statistically significant.
Results
Coating of albumin protein on microneedles facilitated by viscous DNA solution
Efficient dip-coating of microneedles requires a coating solution of high viscosity [32] . Because highly concentrated DNA solutions have high viscosity, we tested the feasibility of coating microneedles using a viscous DNA solution containing fluorescein-conjugated BSA, as a model protein molecule. Fig. 1A shows that all five microneedles were uniformly coated (DNA concentration : 6mg/ml). These results provide evidence that DNA solution can be an effective viscosity enhancer for preparation of coated microneedles. Then, we investigated the effect of DNA concentration on coating over the range of 0 to 8 mg/ml DNA. As the DNA concentration increased, viscosity increased from 1.23 to 3.96 (×10 −3 Pa·s) and the amount of BSA coated per five-microneedle array increased from 1.02 to 7.44 ×10 −2 µg (Table 1 ). These findings were confirmed by microscopy, which showed increased coating on microneedles with increased DNA concentration in the coating solution ( Fig. 1B  -1I ). However, 8 mg/ml DNA concentrations were not suitable for our dip-coating process, because uniform coating and dosage control could not be achieved due to high viscosity (data not shown). Based on these data, we concluded that 6 mg/ml DNA would be sufficient to coat inactivated virus vaccine on the microneedle in the remaining study.
Stability of virus after DNA coating
In our previous study, we found that after coating microneedles with inactivated influenza virus or virus-like particle vaccines, hemagglutination activity of the vaccine dropped below 1% [22, 23] . Our previous studies suggest that this instability of influenza vaccines is due to the drying process during microneedle coating in the presence of the viscosity enhancer, carboxymethylcellulose (CMC) [23] . The addition of a stabilizer, trehalose, maintained hemagglutination activity of influenza vaccines above 70%. Interestingly, drying inactivated virus vaccine in a solution containing trehalose, but not CMC, maintained vaccine stability close to 100% [22] .
In the current study, a DNA solution excluding CMC was used as the coating solution formulation. Without trehalose, hemagglutination activity of inactivated influenza virus dropped to approximately 20% after drying in PBS containing 6 mg/ml DNA, which represents a significant improvement over drying in CMC solution reported previously. After adding trehalose to the coating DNA solution, the retained hemagglutination activity increased with increasing trehalose concentration from 0 -3% trehalose ( Fig. 2A) . At 3% trehalose and higher concentration, hemagglutination activity was fully retained. Compared with previous studies [22] , where 15% trehalose was needed to retain 70% vaccine activity in the presence of CMC, a low concentration of just 3% trehalose using DNA as a viscosity enhancer was sufficient to fully protect against hemagglutination activity loss. Addition of trehalose at higher concentration provided no apparent stability benefit, but decreased the amount of inactivated virus that could be coated and reduced delivery efficiency (data not shown). For this reason, 3% trehalose was selected for the coating solution formulation in this study.
To further investigate the effect of trehalose concentration on the stability of inactivated influenza virus, virus particle size was determined by dynamic light scattering as a measure of virus aggregation [22] . In the absence of trehalose, there was evidence of virus aggregation, as indicated by an increase in the average virus particle size (Fig. 2B ). As trehalose concentration increased up to 3%, virus aggregation decreased. At 3% and higher trehalose concentration, virus aggregation appeared to be insignificant. These findings are in good agreement with results from the hemagglutination assay. That is, loss of hemagglutination activity and virus particle aggregation were inhibited by drying coating solution formulations containing at least 3% trehalose with DNA as a viscosity enhancer, indicating their association each other. Overall, these results suggest that a coating formulation containing DNA and trehalose provides an effective alternative to CMC-based coating formulations by effectively coating microneedles and preserving the hemagglutination activity of inactivated influenza virus vaccine during the coating process.
Delivery of DNA and BSA into the skin using coated microneedles
We next determined if microneedles coated with the DNA/trehalose formulation containing BSA as a model protein delivered their coatings efficiently into the skin. The DNA and BSA were fluorescently tagged with red and green labels, respectively. As shown in Figs. 3A, 3C and 3E, DNA and BSA were coated effectively onto microneedles. After insertion of the microneedles into human cadaver skin for 10-15 min, the microneedles were re-imaged by fluorescence microscope, showing almost complete removal of the DNA (Fig. 3D ) and BSA (Fig. 3F ) from microneedles. Histological sectioning of the skin identified the sites of microneedle penetration into the skin (Fig. 3G) and showed that the coated DNA ( Fig. 3H ) and BSA (Fig. 3I) were deposited along the microneedle tracks in the skin. Perhaps due to smaller size of BSA, the BSA diffused further inside of skin than the DNA. These results demonstrate that the DNA/trehalose coating formulation can deliver coated materials quickly and efficiently into the skin.
Co-immunization with DNA and inactivated virus vaccine induces antigen-specific antibody responses
To determine the immunogenicity co-immunization with DNA and inactivated virus vaccine, we used two different groups of microneedle immunizations in mice. One group was immunized with microneedles coated with inactivated influenza virus and influenza HA DNA (MN+). The other group was immunized with microneedles coated with inactivated influenza virus and placebo DNA from fish sperm (MN−). As a control, a third group of mice were immunized by intramuscular injection of inactived influenza virus and influenza HA DNA that were dissolved from coated microneedles (IM).
All three groups of mice were immunized with 1 µg of inactivated influenza virus and 3 µg of influenza HA DNA. A fourth group of untreated, naïve mice were included as well. Our dosage for immunization was low due to small size of mouse, but we may increase the dosage by increasing the size of microneedles array for human use.
Similarly elevated levels of homologous PR8 virus-specific total IgG antibodies were observed at weeks 3 and 5 post vaccination in all three immunized groups (MN+, MN−, IM) ( Fig. 4A) . At week 7, the MN+ group showed the highest antibody titer (Fig. 4A) . These results show that co-immunization with HA DNA and inactivated influenza virus coated onto microneedles and delivered to the skin induced virus-specific antibody responses at least as strong as IM vaccination.
The pattern of antibody isotype responses gives insight into the types of T helper cell immune responses. At all points of 3-, 5-, and 7-week post immunization, the MN+ group exhibited the highest IgG1 titers, which were much higher than titers in the IM group (Fig.  4B ). IgG1 titers in the IM-group were in between. In contrast, the IM group exhibited the highest IgG2a titers, with the MN+ group second highest and the MN− group lowest (Fig.  4C ). This behavior led to the IM group having the highest IgG2a;IgG1 ratio (Data not shown), indicating a T helper type 1 (Th1) biased response. The MN+ group induced high levels of both IgG1 and IgG2a antibodies, indicating a more balanced response, but still favoring Th1 responses.
It is interesting to note the kinetics of the immune response as well. The MN+ group showed total IgG, IgG1 and IgG2 titers increasing from week 3 to week 7 (Fig. 4) . The IM and MN− groups also exhibited increasing IgG1 titers from week 3 to week 7 (Fig. 4B ), but total IgG and IgG2 showed less change (Figs. 4A and 4C). Overall, these results indicated that coimmunization with HA DNA and inactivated virus vaccine (MN+) generates total IgG antibody responses specific for the A/PR8 virus similar to IM immunization, but with a more balanced T helper cell type response.
Co-immunization with DNA and inactivated virus vaccine induces cross-protection
Our previous studies demonstrated that intramuscular or microneedle vaccination with inactivated virus vaccines (without a DNA vaccine component) induced good protection against homologous viral challenge [30, 35] . Inactivated influenza virus vaccines, however, are typically poor at inducing cross-protection against antigenically different strains [36] . As an alternative approach, DNA priming and inactivated influenza vaccine boosting were shown to induce antibodies cross-reactive to different strains [37, 38] . Therefore, we wanted to determine whether co-immunization with HA DNA and inactivated influenza virus using coated microneedles would induce cross-protection. Fourteen weeks after vaccination, we challenged the groups of immunized and unvaccinated (naïve) mice with an antigenically different influenza strain, pandemic 2009 H1N1 virus (10 × LD 50 ). As shown in Fig. 5 , unvaccinated naïve mice showed a rapid loss in body weight and died or had to be euthanized by day 5. Mice that received inactivated virus with placebo DNA-coated microneedle vaccination (MN−) were only partially protected against the heterologous pandemic H1N1/09.
In contrast, we observed that microneedles coated with inactivated virus and HA DNA (MN +) induced 100% cross-protection against 2009 H1N1 virus. Mice that were intramuscularly immunized with inactivated virus plus HA DNA vaccine (IM) were also 100% crossprotected. These results show that the addition of HA DNA, as opposed to placebo DNA, to immunization with inactivated influenza virus vaccine provided significantly better crossprotection against heterologous challenge. In this way, the HA DNA vaccine has a dual role, enhancing coating onto microneedles as well as improving vaccine efficacy.
Co-immunization with DNA and inactivated virus vaccine induces cross-reactive antibody responses
To better understand the cross-protective immune correlates, we determined levels of crossreactive antibodies to the pandemic H1N1/2009 virus after vaccination and after challenge infection. At weeks 3, 5 and 7 post immunization, cross-reactive IgG and IgG1 antibody levels increased with time, but IgG2a titers were relatively flat over this time period ( Fig. 6) . At weeks 5 and 7, IgG and IgG1 were significantly higher in the HA DNA vaccine-coated microneedle group (MN+) than those by either intramuscular (IM) or placebo DNA microneedle (MN−) groups (Fig. 6 ). Cross-reactive IgG2a isotype antibody responses were observed at relatively lower levels and did not show significant differences between groups. These results suggest that HA DNA vaccine-coated microneedle vaccination (MN+) is more effective in inducing cross-reactive IgG1 isotype antibody responses than the placebo DNA microneedle (MN−) or intramuscular immunization (IM).
One of main goals of vaccination is to induce memory immune responses that can rapidly respond upon infection or antigen exposure. To determine the rapid recall immune responses post heterologous challenge infection, we determined cross-reactive recall antibody responses at day 4 post challenge (Fig. 6 ). Naïve mice did not induce antibody responses at day 4 post infection, which is expected to be too early for naïve mice to elicit antibodies at detectable levels [39] . Levels of cross-reactive IgG2a antibody responses were rapidly increased at day 4 post challenge in the HA DNA vaccine-coated microneedle (MN+) and intramuscular (IM) immunization groups, but not in the placebo DNA-coated microneedle group (MN−) ( Fig. 6C ). Intramuscular immunization (IM) and microneedle immunization with HA DNA (MN+) also showed an increased level of cross-reactive total IgG and IgG1 antibodies after challenge compared to those before challenge, where antibody titers were generally higher in the HA DNA-coated microneedle group (MN+) ( Fig. 6A and 6B) . These results suggest that microneedle vaccination with HA DNA (MN+) is more effective in inducing cross-reactive recall antibody responses than the placebo DNA group (MN−) and, by some measures better than intramuscular vaccination (IM) too. It is also important to note that rapid increases in recall antibody responses seem to have a correlation with improved cross-protection, indicating their contribution.
Co-immunization with DNA and inactivated virus vaccine induces hemagglutination inhibition activity
Hemagglutination inhibition (HAI) activity is a measure of functional antibodies, which is used for assessing the efficacy of vaccination [40] . HAI titers against the homologous A/ PR8 virus were determined from serum samples before and after the heterologous challenge. HAI titers from the HA DNA-coated microneedle group (MN+) and the intramuscular group (IM) were significantly higher than the placebo DNA-coated microneedle group (MN−) before challenge ( Fig. 7) . After challenge, HAI titers of the IM and MN+ groups were increased 3.4-and 3-fold, respectively, whereas, the HAI titer of the MN− group was increased only 2-fold. Overall, these results indicate that HA DNA-coated microneedle (MN +) and the intramuscular (IM) vaccinations are more effective in inducing rapid recall HAI activity than microneedles coated with placebo DNA (MN−).
Co-immunization with DNA and inactivated virus vaccine induces antibody-secreting cell responses in vitro
To better understand the cross-protection, we measured virus-specific antibody-secreting spleen cells that were collected on day 4 post-challenge. Spleen cells were incubated in culture plates coated with an inactivated A/PR8 HA viral antigen. After incubating for up to 6 days, antibodies levels increased in all three immunized groups (MN+, MN−, IM) over time ( Fig. 8) . At day 6, secreted antibody levels in the MN+ group were similar to the IM group, but significantly higher than in the MN− group
Discussion
Influenza remains a significant burden to public health, and the potential for a pandemic outbreak is of concern. In the case of a pandemic influenza vaccine, the development of a rapidly deployable, mass-vaccination is of critical importance [41] . As it is difficult to anticipate which strain of influenza will produce the next pandemic, broadly applicable vaccines are important. In addition to universal vaccine approaches, such as those utilizing a highly conserved antigen like the influenza ion channel protein M2 [42] , developing simple and effective vaccination methods as an alternative to conventional needle-and-syringe delivery has been gaining attention. Here, we present a novel microneedle-based vaccination method utilizing DNA for a dual role as a coating agent and a vaccine immunogen.
Microneedles have been developed as an effective skin immunization tool [17] . Their patient-friendly characteristics, like simple and painless administration, make microneedles an attractive alternative to hypodermic needle injection. In previous immunization studies, vaccination using microneedles have been shown to induce a strong immune response, which was similar or better than intramuscular injection [17, 19, 22] . Microneedles also have shown a dose-sparing effect in some studies [43, 44] . However, most immunization studies have examined homologous protection. In addition, coated microneedles often have a disadvantage: hemagglutination activity loss of the antigen due to the coating process [22, 23] . Stabilizers like trehalose have alleviated the loss of activity, and the activity has been retained at levels over 65% [45] . This has been achieved by coated with a large excess of trehalose (e.g., 15% trehalose) compared to 0.1 -0.5% antigen [35] .
In this study, we employed DNA solutions as the coating agent to increase viscosity. Using this approach, we were able to coat more than 1 µg of inactivated virus vaccine per 5 microneedles. Although the frequency of dipping (e.g., 9 dips) was more in this study than in previous coating methods using CMC as a viscosity enhancer (e.g., 6 dips) [22] , these results showed that DNA solutions provide a promising coating formulation replacing CMC for effective coating of microneedles. In addition, by replacing CMC with DNA, five-fold less trehalose (i.e., 3% trehalose) was needed to maintain full hemagglutination activity of the inactivated influenza virus vaccine after coating, which can provide more space for virus vaccine loading on microneedle surface. Interestingly, with CMC-based coating formulations, even the use of 15% trehalose could not avoid hemagglutination activity loss of approximately 30-35% [22, 45] , but 3% trehalose could completely prevent the loss of hemagglutination activity. Therefore, use of DNA as a coating formulation has some advantages compared to the CMC-based coating solution. However, it also has potential disadvantages, such as higher cost and undesirable immunogenicity if the DNA is not intended to be an immunogen. In addition, long-term stability study will be necessary for developing effective vaccine delivery tools based on DNA vaccine.
The immunization data in this study show that there were no significant differences between the MN+ and IM groups in the in levels of total virus-specific IgG antibody up to 5 weeks post vaccination. This is consistent with a previous study that showed that immunization using microneedles with a low dose of virus-like particle vaccine (0.3 µg) showed a dosesparing effect but immunization with a 1 µg dose did not [43] . Thus, the 1 µg dose of inactivated virus vaccine in this study may have been too high to see strong dose-sparing effects. In addition, both IgG1 and IgG2a isotype antibodies were induced by MN+ and IM immunization, but not to the same extent. By week 7 post immunization, MN+ immunization was effective in inducing higher levels of IgG2a and IgG1 isotype antibodies compared to MN− immunization. In a recent study, it was demonstrated that microneedle immunization with a DNA vaccine alone induced IgG2a isotype-predominant antibody responses [26] . In contrast, gene gun immunization with DNA vaccines in the skin induced IgG1 antibody-predominant responses [46] . Vaccine formulations and/or route of delivery appear to play an important role in determining types of immune responses. In case of mucosal immunity, our previous study based on microneedle vaccination using DNA vaccine derived strong IgA antibody (data not shown in [26] ), so we can assume that our DNA-virus vaccination would induce IgA antibody mucosal immune responses, but we did not measure it here.
It is notable that a single dose of either MN+ or IM immunization enabled 100% survival protection against antigenically different pandemic 2009 H1N1 virus, but MN− immunization did not. In addition, recall antibody responses to heterologous viral challenge were rapidly increased in the MN+ and IM groups but not the MN− group. In a previous work, a heterologous prime-boost regimen using HA DNA prime and inactivated influenza vaccine boost was shown to be more effective in inducing cross-reactive antibody responses than either vaccine alone [38] . Another study demonstrated that boosting of plasmid DNAprimed mice with seasonal influenza vaccine induced broadly neutralizing antibodies against H1N1 influenza viruses [37] . In a clinical study, DNA priming with inactivated vaccine boost was shown to induce increased HAI titers in healthy adults 18-60 years old [47] . The results in this study demonstrated that a single immunization with microneedle vaccines coated inactivated virus using HA DNA as a coating buffer (MN+) or given by intramuscular injection (IM) induced rapid recall responses of homologous HAI titers at high levels upon heterologous virus challenge, inducing protective immunity.
Conclusion
This study demonstrated for the first time that a DNA vaccine solution was an effective coating agent for microneedle vaccines and also served as a DNA vaccine immunogen that significantly contributed to cross-protection. When compared to coating using a placebo DNA solution containing inactivated influenza virus vaccine (MN−), the HA DNA-coated microneedles containing the same inactivated influenza virus vaccine (MN+) induced a stronger immune response to both homologous virus (A/PR8) and heterologous virus (pandemic 2009 H1N1). Microneedles coated with HA DNA and inactivated influenza virus vaccine (MN+) enabled 100% protection against challenge with the antigenically different pandemic 2009 H1N1 virus, whereas vaccination using placebo DNA (MN−) led to only 60% survival. In conclusion, microneedle-based immunization with HA DNA and inactivated vaccine has promising potential for inducing cross-protective immunity. Hemagglutination inhibition (HAI) titers in sera 7 weeks after immunization ( ) and 4 days after challenge ( ). See Fig. 4 caption for details (+ comparison with MN−, p<0.05, n = 5, ± SEM). Kinetics of virus-specific IgG antibody production in spleen cells harvested four days after challenge. Spleen cell were cultured on the plates coated with inactivated influenza viral antigen. See Fig. 4 caption for details (+ comparison with MN−, p<0.05, n = 5, ± SEM).
